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specific docking point for many proteins required at the
replisome.
The recruitment of DNA replication and repair proteins
to DNA by PCNA is often dependent on a conserved
protein-protein interaction motif, the “PCNA-interacting
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Houston, Texas 77005 protein,” or “PIP”-box (Warbrick, 1998). The PIP-box
consensus sequence, Qxx(M/L/I)xxF(Y/F), is well con-
served in Archae and Eukarya, as well as in some vi-
ruses, which supports an important role for these inter-
Summary actions early in evolution (Hingorani and O’Donnell,
2000; Klemperer et al., 2000). The PIP-box is often lo-
Human Proliferating Cellular Nuclear Antigen (hPCNA), cated near the C terminus of many proteins, including
a member of the sliding clamp family of proteins, flap endonuclease (FEN1), the p66 subunit of pol- (p66),
makes specific protein-protein interactions with DNA cdk-inhibitor p21CIP1 (p21), and DNA polymerase-
replication and repair proteins through a small peptide (Harper et al., 1993; Jonsson et al., 1998; Kannouche
motif termed the PCNA-interacting protein, or PIP- et al., 2004; Warbrick, 2000). Although the PIP-box is
box. We solved the structure of hPCNA bound to PIP- commonly found near the C terminus, other proteins,
box-containing peptides from the p66 subunit of the including the clamp loader RFC (Tsurimoto and Stillman,
human replicative DNA polymerase- (452–466) at 1990), DNA-cytosine-5-methyltransferase (Araujo et al.,
2.6 A˚ and of the flap endonuclease (FEN1) (331–350) 2001), and WRN DNA helicase, have internal or N-ter-
at 1.85 A˚ resolution. Both structures demonstrate that minal PIP-boxes (Maga and Hubscher, 2003; Warbrick,
the pol- p66 and FEN1 peptides interact with hPCNA 2000). Deletion or mutation of the conserved residues
at the same site shown to bind the cdk-inhibitor p21CIP1. within the PIP-box can abrogate PCNA interactions
Binding studies indicate that peptides from the p66 in vivo and in vitro (Eissenberg et al., 1997; Jonsson et
subunit of the pol- holoenzyme and FEN1 bind hPCNA al., 1998; Stucki et al., 2001; Zheleva et al., 2000).
from 189- to 725-fold less tightly than those of p21. Although hPCNA typically makes interactions with
Thus, the PIP-box and flanking regions provide a small DNA replication and repair proteins, it also interacts with
docking peptide whose affinities can be readily ad- proteins responsible for cell cycle regulation, such as
justed in accord with biological necessity to mediate p21. In vivo, one of p21’s many roles in cell cycle regula-
the binding of DNA replication and repair proteins to tion is that of an inhibitor of cyclin-dependent protein
hPCNA. kinases (cdks) (Coqueret, 2003). DNA damage gives rise
to elevated levels of p21 that, in turn, halt DNA replica-
tion, allowing DNA repair prior to the resumption of DNAIntroduction
synthesis (Harper et al., 1993). A short C-terminal region
of the p21 protein containing the PIP-box is necessaryHuman Proliferating Cellular Nuclear Antigen (hPCNA)
and sufficient for binding PCNA and for inhibiting DNAis essential to DNA replication and repair (Maga and
replication (Chen et al., 1996a; Zheleva et al., 2000). ThisHubscher, 2003; Warbrick, 2000). PCNA is required for
was confirmed when a regulatory phosphorylation sitehighly processive DNA synthesis and the proper recruit-
was identified within the PIP-box of p21, which, whenment of DNA processing enzymes involved in DNA modi-
phosphorylated, inhibits interaction with PCNA (Scottfication, Okazaki strand resolution, nucleotide excision
et al., 2000). The structural basis for the interaction ofrepair, and mismatch repair (Jonsson et al., 1998; Li et
PIP-box-containing proteins and hPCNA was originallyal., 1994; Prelich et al., 1987; Umar et al., 1996). PCNA
shown in the costructure of hPCNA bound to a peptideand other members of the sliding clamp family of pro-
derived from p21 (Gulbis et al., 1996).teins stimulate processive DNA synthesis through spe-
The costructure of bacteriophage RB69 sliding clampcific interactions with DNA polymerases that result in
with a peptide derived from the C terminus of its replica-decreased dissociation from the primer-template junc-
tive DNA polymerase showed that the site of PIP-boxtion (Hingorani and O’Donnell, 2000). Most sliding
binding of sliding clamp was likely to overlap the bindingclamps have a quaternary structure in the shape of a
site of p21 (Shamoo and Steitz, 1999). The RB69 poly-toroid (Figure 1), although some viruses, such as Herpes
merase peptide costructure supports the hypothesisSimplex virus UL42 (Randell and Coen, 2004), do not.
that p21 inhibits DNA synthesis by directly decouplingSliding clamps are attached around the double-stranded
human DNA polymerase from PCNA by competing forDNA in an ATP-dependent fashion by clamp-loader pro-
the same site. Although little appreciable sequence ho-teins (Hingorani and O’Donnell, 2000; Jeruzalmi et al.,
mology exists between the sliding clamps of bacterio-2002). A central channel of 30–35 A˚ that allows pas-
phage RB69 and hPCNA, several biochemical studiessage of DNA has been proposed. Once loaded, PCNA
have shown that DNA replication can be inhibited byis thought to slide along the duplex DNA and act as a
the addition of PIP-box-containing peptides and further
support a direct competition model (Chen et al., 1995;
Li et al., 1994).*Correspondence: shamoo@rice.edu
Structure
2210
Figure 1. Overall Structure Comparison of
hPCNA Bound to Peptides Derived from Hu-
man DNA Polymerase- p66 Subunit, FEN1,
and p21
(A) The trimeric hPCNA bound to the p66 sub-
unit peptide (residues 452–466). hPCNA is
shown in green, and the p66 subunit (452–
466) is shown in red.
(B) Stereo C trace of superimposed hPCNA
costructures hPCNA-p66 (452–466), with
hPCNA shown in slate and p66 shown in yel-
low; hPCNA-FEN1 (331–350), with hPCNA
shown in gray and FEN1 shown in red; and
hPCNA-p21 (139–160), with hPCNA shown in
pink and p21 shown in cyan (Gulbis et al.,
1996). All hPCNA monomers showed similar-
ity, with rmsd values of less than 1.0 A˚, al-
though the interdomain connector loop
(IDCL) of hPCNA (residues 119–134) showed
appreciably more variability.
In eukaryotes, the major replicative enzymes are DNA (Shamoo and Steitz, 1999), and yeast (Bowman et al.,
2004) have shown that the PIP-box binding surface ofpolymerase- (pol-) and  (Hubscher et al., 2000). Hu-
man pol- is comprised of four subunits (p125, p66, p50, the sliding clamps are comprised of an extended region
of polypeptide (119–134 in hPCNA) and a hydrophobicand p12), with the catalytic activity located in the p125
subunit (Podust et al., 2002; Xie et al., 2002). Studies patch proximal to it. Residues 119–134 of hPCNA con-
nect the N-terminal and C-terminal domains of the PCNAhave shown that pol- directly contacts PCNA (Bermu-
dez et al., 2002; Ducoux et al., 2001; Johansson et al., monomer and have been referred to as the Interdomain
Connector Loop (IDCL) (Gulbis et al., 1996). When bound2004; Reynolds et al., 2000) via the p66 subunit but may
also make weaker interactions through the p125 subunit to a sliding clamp protein, PIP-boxes usually form a
single turn of 310 helix that displays the side chains of(Zhang et al., 1999).
The human flap endonuclease (hFEN1) also competes conserved residues such that they can “plug” into the
hydrophobic patch. Residues N- and C-terminal to thefor PCNA binding via its PIP-box motif. In vitro studies
have shown that hPCNA stimulates hFEN1 nuclease ac- 310 helix often form an extended polypeptide that con-
tacts PCNA. The PCNA-p21 (139–160) costructure showstivity (Chen et al., 1996b; Gomes and Burgers, 2000;
Jonsson et al., 1998; Li et al., 1994; Tom et al., 2000; 9 residues C-terminal of the PIP-box of p21 making
extensive contacts as an antiparallel  sheet with theWu et al., 1996). The interaction of PCNA with FEN1 is
important to Okazaki fragment processing and several IDCL of hPCNA (Gulbis et al., 1996).
Many proteins have been shown to interact directlyaspects of DNA repair, including nonhomologous dou-
ble-strand break repair, long patch base excision repair, with hPCNA, and this supports a model wherein PCNA
plays a pivotal role in recruiting DNA replication andand nucleotide excision repair (Liu et al., 2004). The
structure of Archae FEN1 has been solved, as well as repair proteins to their site of action. In this context, the
PIP-box functions as a simple and readily adaptablea costructure of the Archael PCNA bound to a peptide
containing the Archae FEN1 PIP-box motif (Chapados docking peptide that can be positioned either internally
or at the terminus of a protein (Warbrick, 1998). Althoughet al., 2004). Like the bacteriophage RB69 sliding clamp
bound to DNA replicative DNA polymerase (Shamoo and proteins may interact with hPCNA through additional
contacts (Bunting et al., 2003), the PIP-box remains aSteitz, 1999) and E. coli (Jeruzalmi et al., 2001) and yeast
clamp-loader structures (Bowman et al., 2004), the vital component of these complex interactions and an
essential mediator of competitive binding to hPCNA-aPCNA:aFEN1 (326–336) structure (Chapados et al.,
2004) suggests that the broadest features of the interac- interacting proteins in vivo. To date, little structural infor-
mation exists to explain how the subtle structural differ-tions between replisomal proteins and their sliding
clamps are well conserved. ences among the proteins that bind human PCNA allow
them to compete for the same binding site.Structural studies of PCNA and related sliding clamps
from E. coli (Jeruzalmi et al., 2001), bacteriophage RB69 In this study, we have determined the structures of
hPCNA- and PIP-Box-Derived Peptide Complexes
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Table 1. Summary of Crystallographic Statistics
hPCNA-p66 (452–466) hPCNA-FEN1 (331–350)a
Data Collection
Beam line CHESS A1 CHESS A1
Wavelength (A˚) 0.9764 0.9764
Space group P3221 P63
Unit cell (A˚) 82.5  82.5  203.8 81.5  81.5  67.5
Resolution (A˚) 20–2.6 20–1.85
Unique reflections 24,477 20,438
Average redundancy 4.36 9.27
Completeness (%)b 96 (100) 98.4 (96.6)
Rmergec 0.081 (0.336) 0.064 (0.308)
I/ 7.4 (3.8) 43.5 (6.42)
Refinement
Resolution (A˚) 10–2.6 10–1.85
Rfree/Rworkd,e 27.83/24.05 26.24/21.31
Average B factor (A˚2)
Protein 65.25 18.59
Solvent 72.79 72.47
Rms deviations
Bonds (A˚) 0.0074 0.0056
Angles () 1.29 1.26
Ramachandran analysisf
Disallowed 0 0
a Values for hPCNA-FEN1 data collection are for data prior to detwinning, and values for hPCNA-FEN1 refinement are for data that were
detwinned.
b Values in parentheses correspond to the last shell.
c Rmerge 	 
|I  I|/
I
d Rwork 	 
|Fo  Fc|/
|Fo| for all data with Fo  2 (Fo), excluding data to calculate Rfree.
e Rfree 	 
|Fo  Fc|/
 |Fo|, for all data with Fo  2 (Fo) excluded from refinement.
f Calculated by using PROCHECK.
hPCNA bound to PIP-box peptides derived from the lar surface as the p21 PIP-box (see below). Like p21,
the conserved hydrophobic triumvirate of the PIP-boxp66 subunit of pol- (residues 452–466) and from FEN1
(residues 331–350). Both peptides form the canonical 456QVSITGFF463 forms a single turn of 310 helix that plugs
into a hydrophobic patch found about midway between310 helix found in the hPCNA-p21 peptide structure and
the sliding clamps of E. coli (Jeruzalmi et al., 2001), the N- and C-terminal domains of the hPCNA monomer
(Figures 1A and 2A; see below). Unlike p21, however, theArchae (Chapados et al., 2004), and yeast (Bowman et
al., 2004). The peptides bind to the same IDCL and p66 peptide does not form as extensive an antiparallel 
sheet at its C terminus. This is not unexpected, sincehydrophobic patch surfaces of hPCNA, which suggests
that PIP-box peptides compete directly for the same the C terminus of p66 is Phe466. Thus, p66 terminates
10 residues earlier than the region of p21 shown torecognition surface. Our crystallographic and isother-
mal titration calorimetry studies suggest that modest directly contact hPCNA.
changes in the PIP-box sequence dramatically affect
affinity in a manner that is central to understanding how Structure Determination
of hPCNA-FEN1 (331–350)many DNA replication and repair proteins compete for
access to DNA in vivo. The interactions of PCNA with We also cocrystallized hPCNA with a 20 amino acid
peptide derived from the C terminus of FEN1 that con-its binding partners are important to understanding the
regulation of DNA repair, its link to cancer, and the devel- sisted of the conserved PIP-box (residues 331–350).
Crystals of the complex were of the space group P63,opment of new anticancer strategies.
with a single hPCNA monomer in the asymmetric unit.
The symmetry mates of the monomer formed the familiarResults
toroidal shape of the hPCNA trimer. Crystals had partial
hemihedral twinning and an apparent symmetry of P6322Structure Determination of hPCNA-p66 (452–466)
We have determined the structure of hPCNA bound to that proved challenging, but the reflection file was de-
twinned in the true space group (P63) (see the Experi-residues 452–466 of the pol- p66 subunit at 2.6 A˚ reso-
lution. The hPCNA-p66 (452–466) complex crystallized mental Procedures and Table 1) by using the Detwin
program of CCP4 (CCP4, 1994). The final structure atas a trimer, with one peptide bound to each of the three
monomers. Fo-Fc difference maps clearly showed elec- 1.85 A˚ was readily interpretable and showed electron
density clearly corresponding to the central 11 residuestron density for residues 453–465 of the p66 peptide
(Figure 2). The final structure shows that the C-terminal (335–345) of the FEN1 peptide. Much like those in the
PCNA-p21 (139–160) costructure, the N-terminal resi-PIP-box of the human replicative DNA polymerase p66
subunit interacts with hPCNA through the same molecu- dues of the FEN1 peptide were disordered, consistent
Structure
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Figure 2. Stereo View of Electron Density
from 2Fo-Fc Maps, Contoured at 1, of Pep-
tides Derived from p66 and FEN1 Overlayed
on a Ribbons Diagram of the hPCNA Monomer
(A) p66 peptide (453–465) bound to hPCNA.
Only residues 453–465 could be modeled due
to disorder at the termini.
(B) FEN1 peptide (335–349) bound to hPCNA.
Residues 335–349 could be readily modeled,
whereas residues 346–349 could only be
modeled at lower contour, which suggests
greater mobility.
with high mobility. The hPCNA-FEN1 (331–350) structure motif (Qxx(M/L/I)xxF(Y/F)) (Table 2) that makes good
hydrophobic contacts from a 310 helix to a bindinghad much lower overall temperature factors than the
hPCNA-p66 (452–466) and hPCNA-p21 (139–160) struc- pocket on PCNA and maintains a hydrogen bonding
network from the conserved glutamine to the PCNAtures, as well as a marked increase in diffraction limit
that allowed for a more accurate model of hPCNA. IDCL. The buried surface area of the p66 and FEN1
peptides was 1593 and 1360 A˚2, corresponding to 88%
and 80% of their respective total surface area. This isOverview of hPCNA-p66 (452–466) and -FEN1
consistent with their role as docking peptides for sliding(331–350) Structures
clamp-protein interactions.A comparison of the overall structures of hPCNA bound
either to p66 (452–466) or FEN1 (331–350) and the pre-
viously published p21 (139–160) costructure (Gulbis et Isothermal Titration Calorimetry of p66, FEN1,
al., 1996) shows that the structure of hPCNA remains and p21 Peptides with hPCNA
largely unchanged. Superimposition of 249 Cs from The association of hPCNA with peptides derived from
the hPCNA-p21 (139–160) structure to those of hPCNA- its interacting partners was measured by isothermal ti-
p66 (452–466) and hPCNA-FEN1 (331–350) gave root tration calorimetry (ITC) (Figure 3). Association con-
mean square distances (rmsd) of 0.6 and 0.9 A˚, respec-
tively, for FEN1 and p66. Figure 1B shows an alignment
of hPCNA-p66 (452–466), hPCNA-FEN1 (331–350), and Table 2. Peptides Used in Crystallography and ITC Experiments
hPCNA-p21 (139–160). The most notable difference in
Peptides Used in Crystallographic Experimentsthe structures is the variability of the IDCL, which makes
p21 139 GRKRRQTSMTDFYHSKRRLIFSnumerous contacts with the PIP-box peptides. The IDCL
p66 subunit 452 KANRQVSITGFFQRKresidues 119–134 of the hPCNA-p66 (452–466) and
FEN1 331 SRQGSTQGRLDDFFKVTGSLhPCNA-FEN1 (331–350) structures have an rmsd of 1.2
Peptides Used in ITC Experimentsand 1.4 A˚, respectively, which contrasts to the low devia-
tions for the hPCNA monomer as a whole. In both of p21a 139 GRKRRQTSMTDFYHSKRRLIFS
our structures, regions of the IDCL were characterized p21b 141 KRRQTSMTDFYHSKRRLIFS
by higher temperature factors and electron density con- p66a 451 GKANRQVSITGFFQRK
p66b 451 GKANRQVSITGFFQRKRRLIFSsistent with increased mobility.
FEN1 332 RQGSTQGRLDDFFKVTGSLSSAThe structures of the PIP-box peptides are similar in
topology (Figures 1B and 2; see below) and consist of Conserved PIP-box residues are underlined. p21 forms an antiparal-
lel  sheet with the hPCNA (shown in italics). The numbers (left) ofthree segments: an extended N-terminal region, a cen-
the peptide sequence indicate the starting residue number in theirtral conserved region containing the hydrophobic resi-
native protein. p21a is the p21-derived peptide used in our experi-dues and 310 helix, and a region C-terminal to the PIP-
ments; p21b is the peptide used by Zheleva et al., 2000.
box of variable length. Both peptides have a PIP-box
hPCNA- and PIP-Box-Derived Peptide Complexes
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Figure 3. ITC Measurements of Binding for
Peptides Derived from the PIP-Box of p66,
FEN1, and p21 to hPCNA
See the Experimental Procedures and Table
2. All data were fit to a one binding site per
hPCNA monomer model.
(A) Binding of peptide p21 to hPCNA.
(B) Binding of peptide FEN1 to hPCNA.
(C) ITC measurement of the binding of pep-
tide p66a to hPCNA.
(D) Binding of peptide p66b to hPCNA.
stants and thermodynamic properties were measured mer), which is in good agreement with previous studies
showing that the trimeric sliding clamps can accommo-for several PIP-box peptides bound to hPCNA and cor-
related to their crystallographic models. The peptides date one PIP-box peptide per monomer (Gulbis et al.,
1996; Shamoo and Steitz, 1999; Zheleva et al., 2000).were derived from p21, FEN1, and p66. All peptides were
of equal length and spanned a homologous portion of Gibbs free energy values for peptide binding can be
seen in Table 3. The enthalpic (H) and entropic (TS)the PIP-box region (Table 2, “Peptides Used in ITC Ex-
periments”), with the exception of the p66 subunit, which terms contributing to Gibbs free energy for peptide inter-
actions are also presented in Table 3. The negative en-terminates in the native protein.
Fitting of the p21 binding data gave an association thalpic terms are the favorable driving force for the favor-
able Gibbs free energy term. The entropic terms are allconstant almost 200-fold greater than that of the other
peptides (Table 3) and a stoichiometry of 1:1; this is in unfavorable but are more than compensated for by the
negative enthalpy term. Peptides with weaker bindingclose agreement with previously published data that
used a similar p21 peptide (Zheleva et al., 2000). All affinities correlated with less favorable enthalpic terms;
such changes in enthalpy have been shown to be associ-peptides fit a 1:1 stoichiometry (1 peptide:hPCNA mono-
Table 3. hPCNA Isothermal Titration Calorimetry with p21, p66a, p66b, and FEN1
p21 p66a p66b FEN1
N (stoichiometry) 1 1 1 0.9
K (affinity constant (M1) 1.21  107 6.41  104 6.51  105 1.67  104
G (free energy) (kcal mol1) 9.8 6.7 8.1 5.9
H (enthalpy) (kcal mol1) 29.1 19.1 10.2 20.0
S (entropy) (cal mol1 K1) 63.7 41.0 7.1 46.6
TS (kcal mol1) 19.3 12.4 2.2 14.1
Structure
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Figure 4. Molecular Recognition Surfaces of
hPCNA in Complex with Peptides Derived
from the C Terminus of PCNA-Interacting
Proteins p66, FEN1, and p21
The hPCNA monomer is shown in slate, with
the other contacting monomers of the hPCNA
trimer shown in the background (wheat and
salmon). The surface contacts of hPCNA
within 5 A˚ of the interacting peptides are
shown (lime). The PIP-box-containing pep-
tides are displayed as yellow sticks, with the
conserved residues of the PIP-box high-
lighted in red.
(A) hPCNA surface contacted with the p66
peptide (residues 453–465).
(B) hPCNA surface contacted with the FEN1
peptide (residues 335–349).
(C) hPCNA surface contacted with the p21
peptide (residues 139–160).
ated with solvent reorganization, changes in hydropho- pocket (Baldwin et al., 1998). The efficiency of peptide
packing was estimated by using the program SURFNETbicity, and changes in packing volume among protein-
protein and protein-ligand interactions (Baldwin et al., to measure the volume left empty between PCNA and
PIP-box peptides in the costructures (Laskowski, 1995).1998).
The gap volumes between the PIP-box residues of the
310 helix and hPCNA calculated for the hPCNA-FEN1Discussion (331–350), hPCNA-p66 (452–466), and hPCNA-p21 (139–
160) costructures were found to be 457, 379, and 308 A˚3,
Packing of the PIP-Box 310 Helix respectively. These volumes show a trend that corre-
The 310 helix appears to be the only universally con- lates the larger gap size in the hydrophobic pocket with
served structural motif of the PIP-box peptide family. decreased binding affinity (Laskowski, 1995). The buried
The 310 helix interacts with hPCNA through a largely surface area and packing density of the respective 310hydrophobic molecular recognition surface and has helices show that p21 is a better match to the molecular
been referred to as a “hydrophobic plug” that fits into recognition surface of hPCNA (Figures 4 and 5).
PCNA by using the conserved hydrophobic residues of
the PIP-box consensus sequence (Figures 4 and 5). As
shown in Figures 4 and 5, the 310 helices of the pol- p21: A High-Affinity PIP-Box Motif
Although the overall fold of the p66, FEN1, and p21p66 subunit and FEN1 PIP-boxes nestle into the hPCNA
surface with substantially less packing efficiency than peptides bound to hPCNA is similar, subtle differences
can be found in the details that can explain the respec-do those of p21. The conserved hydrophobic sides
chains Ile459 of p66 and Leu340 of FEN1 do not fill tive affinities of these PIP-boxes for hPCNA. Important
determinants for the affinity of the PIP-box sequencesthe hydrophobic pocket of hPCNA as effectively as the
methionine side chain of p21. Additionally, the second for PCNA arise from modest differences in the primary
sequence within the PIP-box and flanking sequencesconserved aromatic residue of the PIP-box of p66 and
FEN1 is a phenylalanine. The phenylalanine side chains that may govern their in vivo interaction.
The PCNA-p21 (139–160) costructure shows 9 resi-insert into hPCNA but cannot make the specific hydro-
gen bonds made by the Tyr151 of p21 to Gln131 and dues C-terminal of the PIP-box of p21 making extensive
contacts as an antiparallel  sheet with the IDCL ofvia a water to Tyr133 of hPCNA. The edge of the hy-
drophobic pocket of hPCNA is partially occupied by the hPCNA (Gulbis et al., 1996). Our structures show that
the C-terminal regions of the p66 subunit and FEN1 dopolar residues Tyr133 and Gln131, and in our structure,
the nonpolar phenylalanine side chains of the PIP-box not make extensive  sheet structures (Gulbis et al.,
1996). The C terminus of FEN1 begins to form  sheet-peptides pack less efficiently than the analogous Tyr151
of p21. Packing space and solvent-exposed surface like interactions with the IDCL of hPCNA but then be-
comes disordered, as does the p66 peptide. In all threearea are good indicators of stability within a hydrophobic
hPCNA- and PIP-Box-Derived Peptide Complexes
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Table 4. Sequence Alignment of PIP-Box Regions from Human
Proteins
p21 QTSMTDFY
pol- QLQKV-HF
pol- QVSITGFF
pol- SRGVLSFF
pol- Q-TLESFF
pol- KHTLDIFF
pol- SVPVLELF
WRN QWKLLRDF
RecQ QNLIRHFF
XPG QLRIDSFF
MSH6 QSTLYSFF
MSH3 QAVLSRFF
MCMT QTTITSHF
RF-C MDIRKFF
LigI QRSIMSFF
Topo-II QTTLAFKPFigure 5. Packing of the Conserved 310 Helix of the FEN1 Peptide
FEN1 QGRLDDFFwith hPCNA
UNG2 QKTLYSFF
Conserved hydrophobic residues of the FEN1 (331–350) (red) PIP- ING1 QLHLVNYV
box pack more loosely with the hydrophobic core of hPCNA than Tigger2 QTSLLSYF
do the residues of the comparable PIP-box peptide of p21. Gaps
between the conserved hydrophobic residues that insert into the Conserved residues of the PIP-box are underlined.
hydrophobic core and hPCNA were calculated for p66, FEN1, and
p21 by using the program SURFNET (Laskowski, 1995). To illustrate
the difference in packing between p21 (139–160) and FEN1 (331–
350), their gap volumes were the subtrated. PIP-interacting peptides interactions, and not simply the formation of a  sheet,
are shown as yellow sticks, with the conserved hydrophobic resi- are also important to the increased affinity of p21 for
dues shown in red. The hPCNA surface is shown in wheat. Similar PCNA through this region. Collectively, the addition of
results were obtained by comparing subunit p66 (452–466) to p21 p21 sequence 155RRLIFS160 increased the affinity of p66(139–160).
for hPCNA 10-fold, suggesting that the differences in
packing to the PCNA surface and formation of a hydro-
gen bonding network between p21 residues Tyr151 andhPCNA costructures, the residue following the last con-
served PIP-box aromatic residue makes hydrogen Thr145 and hPCNA make up the remaining 20-fold in-
crease in affinity.bonds to Gly127 of hPCNA, and, in p21, this residue
is at the start of the extended  sheet structure. This A combination of binding data and structural compari-
sons suggests that the interaction of hPCNA with p21residue’s position is anchored next to the conserved
aromatic residue, but it is the last well-ordered contact is exceptionally tight, and that p21 makes several con-
tacts to hPCNA not typical of most PIP-boxes (see dis-point in the hPCNA costructures with p66 (452–466) and
FEN1 (331–350). Given that among all PIP-box cocrystal cussion of 310 helix interactions). Binding and structural
studies of the p21 (139–160) peptide clearly demonstratestructures to date only p21 forms a C-terminal antiparal-
lel  sheet, our results with pol- p66 and FEN1 that it binds with high affinity (82.6 nM) and makes more
extensive contacts with hPCNA than the analogous pep-C-terminal peptides suggest that the high affinity for
hPCNA and the extended  sheet of the p21 C terminus tides from the p66 subunit and FEN1. An alignment of
human PIP-boxes shows that p21 has the largest ali-is unusual among proteins containing the PIP-box motif.
We investigated the role that the extended  sheet phatic residue at the first conserved position of the PIP-
box and is the only protein with a tyrosine at the fourth155RRLIFS160 sequence of p21 plays in increasing its affin-
ity for hPCNA by extending the p66 peptide (p66a) to conserved residue (Table 4). Our analysis of the packing
and interaction surface as well as previous mutationalinclude this additional sequence (p66b) (Table 2, see
“Peptides Used in ITC Experiments”) and measuring the studies suggests that these residues make particularly
favorable contacts in p21 and are important to its higheffect on its affinity for hPCNA. As seen in Tables 2 and
3, extending the p66 subunit sequence to include the affinity for hPCNA.
We conclude that the variable PIP-box sequencesresidues of p21 does increase affinity for hPCNA 10-
fold and suggests that this region is at least partly re- found in many proteins will likely result in a range of
protein to PCNA affinities (at least 200-fold) that maysponsible for the higher affinity of the p21 PIP-box.
There is also better overall electrostatic complemen- directly mediate in vivo interactions necessary for the
proper regulation of DNA replication and repair.tation between the p21 C terminus and the hPCNA IDCL
than that of the p66 or FEN1 PIP-box motifs (data not
shown). The FEN1 C terminus has two uncharged resi- PIP-Boxes Have a Small Contact
Surface with PCNAdues (Gly348 and Ser349) in positions that are occupied
by two arginines in p21. Arg155 and Arg156 of p21 make Based upon costructures of eukaryotic sliding clamps
with PIP-box-containing proteins (yeast PCNA-RFC)ionic interactions with hPCNA, resulting in additional
affinity (Gulbis et al., 1996; Zheleva et al., 2000). In princi- (Bowman et al., 2004) or peptides (p21, p66, and FEN1)
(Gulbis et al., 1996), the typical molecular recognitionple, FEN1 should be able to form a good, antiparallel
 sheet, which suggests that ionic and hydrophobic surface on PCNA is small and is contacted by 11–13
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of the interacting region of the pol IV/Dinb polymerase
is almost completely extended and lacks the 310 helix in
its central conserved region, which is found in all other
sliding clamp costructures. The pol IV/DinB C terminus
binds within an extended cleft of the  subunit, as op-
posed to the p66 peptide, which follows the pattern
seen in eukaryotic and bacteriophage RB69 PIP-boxes,
in which the 310 helix plugs into a small hydrophobic
patch on PCNA. Although the interactions of E. coli pol
IV/Dinb and the  subunit are also hydrophobic, they
differ from those made between p66 and the PIP-box
consensus sequence. The hydrophobic clefts of the 
clamp are also larger and are comprised of a larger
number of residues. The differences between the humanFigure 6. Superimposition of the PIP-Box Regions from Six PIP-
and prokaryotic systems underscore the importance ofBox to Sliding Clamp Cocrystal Structures
increasing our structural understanding of the humanThe superimposition shows that the region of sliding clamp-inter-
system. The structural differences between slidingacting proteins that contacts the sliding clamp is only 11–13 resi-
dues, outside of which the proteins diverge widely. Pol- p66 subunit clamp interactions of Eukaryotes and Prokaryotes may
(453–465) is shown in cyan, human FEN1 (336–348) is shown in be useful for the development of novel antibiotics.
magenta, p21 (139–160) (PDB: 1AXC) is shown in lime, yRFC (388–
407) (PDB: 1SXJ) is shown in yellow, RB69 DNA polymerase (893–
903) (PDB: 1B77) is shown in orange, and Archaeoglobulus fulgidus Are PIP-Box Sequences SufficientFEN1 (PDB: 1RXM) is shown in red.
for Interactions In Vivo?
Although the PIP-box has been shown to be sufficient
for in vivo interactions in the case of p21, human RFC,residues. Superimposition of the 310 helices of the known
PIP-box-containing peptides clearly shows that the N- and DNA ligase I, whether the dozen or so PIP-box
residues alone are sufficient for the interaction of PCNAand C-terminal regions are typically disordered and/or
break away from the sliding clamp surface (Figure 6). and its other interacting partners, such as p66 and hu-
man FEN1, remains the subject of investigation (MagaThe recent yeast PCNA-RFC (Bowman et al., 2004)
structure is the most complete eukaryotic sliding clamp and Hubscher, 2003). Proteins can certainly make addi-
tional and extensive contacts to a sliding clamp. Forcostructure, with a near full-length PIP-box protein (resi-
dues 295–785 of RFC). The PIP-box motif of RFC is example, the E. coli pol IV/Dinb clearly interacts with
the  subunit at two distinct contact surfaces (Bunting etinternal, not at the C terminus. RFC makes contacts to
PCNA through 10 residues, which is in excellent agree- al., 2003). However, the recent yPCNA-RFC costructure
(Bowman et al., 2004) shows only interactions throughment with our costructures. Of course, p21 does make
use of an extended region flanking the PIP-box to con- the PIP-box motif, which suggests that further contacts
are not essential.tact PCNA, but as we have discussed earlier, this ap-
pears to be fairly unusual. Furthermore, the extent to Previous studies have shown that PCNA loaded onto
DNA stimulates the enzymatic activities of DNA ligasewhich the N-terminal region of PIP-box peptides makes
important contacts with PCNA is also unclear. As shown (Tom et al., 2001) and FEN1 (Tom et al., 2000), and the
processivity of DNA polymerase- (Ducoux et al., 2001),in Figure 6, only 2–3 residues N-terminal of the con-
served glutamine make contacts with PCNA in all struc- whereas PCNA free in solution does not (Frank et al.,
2001; Gomes and Burgers, 2000). Deletion of the PIP-tures. The PIP-box fulfils its function of providing a spe-
cific protein-protein contact to PCNA through a small box motif typically abolishes these stimulatory effects,
although mutation of the region can produce little or nostretch of residues whose affinity for PCNA can be dra-
matically altered by even modest changes in sequence. effect (Frank et al., 2001; Gomes and Burgers, 2000).
These findings suggest that the in vivo binding of PCNA
to other proteins results not only from direct PCNA-Comparison of DNA Polymerase-Sliding
Clamp Interactions protein interactions through the PIP-box motif, but also
from another set of contacts that occur when the slidingInteresting differences are seen between the interac-
tions of hPCNA and the DNA polymerase- p66 subunit, clamp is loaded onto DNA. One possibility is that additional
contacts exist on PCNA that are outside the PIP-box bind-as compared to the E. coli pol IV/Dinb and the E. coli
sliding clamp ( subunit) structure (Bunting et al., 2003). ing surface, as suggested by the Archae fulgidus PCNA
structure (Chapados et al., 2004) and site-directed muta-The interaction of our DNA polymerase- p66 subunit
(452–466) with PCNA more closely resembles that seen genesis studies on yPCNA (Gomes, and Burgers, 2000).
Based on our work, earlier binding studies (Tom et al.,for hPCNA with p21 (Gulbis et al., 1996), FEN1, and RFC
(Bowman et al., 2004) and for the bacteriophage RB69 2000), and the structure of yPCNA-RFC, we favor an
alternate model, one in which the second contact issliding clamp (Shamoo and Steitz, 1999) with its cognate
DNA polymerase. between the protein interacting with PCNA and DNA.
DNA polymerases, ligases, and repair enzymes possessThe conserved C-terminal region of E. coli pol IV that
interacts with the  subunit (346QLVLGL351) has very little both specific binding affinities for their substrates as
well as nonsequence-specific affinity for DNA in general.sequence homology with the C-terminal PIP-box motifs
of other proteins (Warbrick, 2000). The overall topology DNA polymerases are a well-characterized and familiar
hPCNA- and PIP-Box-Derived Peptide Complexes
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CGC-3 and 5-ATGGGATCCCTAAGATCCTTCTTCATCCT-3) andexample. In vitro studies have shown that most replica-
was cloned into the expression vector pET-28a (Novagen).tive DNA polymerases have nanomolar affinity for the
Peptides were purchased from the Tufts University Analytical Coreprimer-template junction of DNA but much weaker bind-
Facility (Boston, MA). Peptides were purified by reverse-phase
ing affinity, often less than nanomolar, to duplex DNA. HPLC and were analyzed with MALDI-TOF to ensure the correct
The interaction of PCNA with DNA polymerase should molecular weight.
be regarded from the in vivo situation, in which PCNA
is already loaded on DNA. Under these circumstances, hPCNA Purification
Modification of published hPCNA purification protocols was criticalDNA polymerase’s affinity for DNA and its processivity
to obtaining hPCNA-peptide cocrystals (Gulbis et al., 1996). Cellsare dramatically enhanced by the micromolar PIP-box
were resuspended in 20 mM Tris-HCl (pH 7.5), 0.1 M NaCl, 0.2 mMto PCNA interaction, since the free energies of the affin-
PMSF, 30 mM spermidine, 10% sucrose, 0.5 mM EDTA, and 2 mMity of DNA polymerase with DNA and with PCNA will be
DTT, 0.2 mM PMSF, 2 mM DTT, 0.5 mM EDTA, and 10% glycerol
effectively additive. Once loaded, the sliding clamp is were included in all buffers following lysis. Cells were lysed by
topologically trapped, and the local concentrations of sonication and were pelleted by centrifugation. The supernatant
PCNA and DNA polymerase are much higher than when was applied to a 10 ml P11 cellulose phosphate column (Whatman).
hPCNA passes through P11 and is then applied to a 35 ml DE52they are free in solution (i.e., not bound to DNA). The
column (Whatman) and eluted with a NaCl gradient (0.1–0.5 M).overall effect of the p66 subunit’s PIP-box interaction
Fractions containing hPCNA were pooled, brought to a final ammo-with DNA polymerase has the potential to increase pol-
nium sulfate concentration of 1 M, and gently stirred for 1 hr. The
’s affinity for DNA 64,000-fold. This hypothesis is also hPCNA was applied to a 10 ml HiTrap Phenyl Sepharose column
supported by kinetic studies that show that PCNA is (Pharmacia) equilibrated in 1.0 M ammonium sulfate, 50 mM NaCl,
able to lower the KM of FEN1 for substrate by stabilizing and 20 mM Tris-HCl (pH 7.5). hPCNA was eluted with reverse linear
FEN1 binding at its site of action (Tom et al., 2000). This gradient from 1 to 0 M ammonium sulfate. hPCNA eluted between
0.15 and 0.75 M ammonium sulfate and was then dialyzed to 20model suggests that additional contacts to PCNA are
mM Tris-HCl (pH 7.5), 0.1 M NaCl. hPCNA was then applied to a 10unnecessary to explain in vivo function. Even small
ml HiTrap Q HP sepharose column (Pharmacia) and eluted with achanges in sequence among PIP-box-containing re-
linear NaCl gradient (0.1–0.8 M). hPCNA eluted from the HiTrap Q
gions can result in broader binding partner preferences column at 0.24–0.4 M NaCl and was dialyzed to 20 mM Tris-HCl (pH
in vivo. In this context, the PIP-box motif may function 7.5), 0.1 M NaCl. hPCNA was then applied to a 10 ml HiTrap Heparin
as a readily adaptable docking peptide to mediate the Sepharose column (Pharmacia). hPCNA flowed through the Heparin
wealth of PCNA interactions with DNA replication and column equilibrated at pH 7.5. The eluted hPCNA was then dialyzed
to 50 mM Na acetate (pH 5.5), 0.2 M NaCl and was reapplied to therepair proteins without requiring more elaborate recog-
Heparin column at pH 5.5. hPCNA was then eluted with a linearnition surfaces.
NaCl gradient (0.2–0.4 M). hPCNA was then dialyzed to 20 mM Tris-
HCl (pH 7.5), 0.1 M NaCl and applied to a Mono Q HR 10/10 column
Conclusions (Pharmacia). A NaCl gradient (0.1–1 M) eluted hPCNA at 0.4 M NaCl.
What are the implications of our structural and thermo- Finally, hPCNA was dialyzed extensively to 20 mM Tris-HCl (pH
dynamic studies for understanding the biology of 7.5), 10% glycerol, 0.5 mM EDTA, and 2 mM DTT. hPCNA was
concentrated to 20 mg/ml by using a 10,000 molecular weight cutoffhPCNA and its numerous interactions with other pro-
Vivaspin 20 ml concentrator (Vivascience) and flash frozen prior toteins? We have measured the affinities of PIP-box motifs
storage at 80C.from the pol- p66 subunit and FEN1 and have shown
that they are 189- and 725-fold weaker in affinity than the
Crystallizationcomparable PIP-box of p21. In addition, our structures
Cocrystals of hPCNA-p66 peptide (H2N-KANRQVSITGFFQRK-demonstrate that these peptides compete for binding COOH) were produced by using a 1:0.8 molar ratio (hPCNA:peptide)
at the same molecular recognition surface of hPCNA and at a final concentration of 0.6 mM complex. hPCNA-p66 (452–466)
that their affinities are well correlated to how efficiently cocrystals were grown by vapor diffusion in hanging drops at 20C.
5 l hPCNA-p66 peptide complex was mixed with 5 l well solutionthese peptides pack and make favorable ionic and hy-
containing 2 M ammonium sulfate and 0.1 M Na acetate (pH 4.6).drogen bonding interactions with hPCNA. That the affini-
Cubic crystals grew within 3 days. The hPCNA-FEN1 peptide (H2N-ties of the peptides derived from the p66 subunit and
SRQGSTQGRLDDFFKVTGSL-COOH) cocrystals were also pro-FEN1 for hPCNA are dramatically lower than that of
duced at a 1:0.8 molar ratio (hPCNA:peptide) at a final concentration
p21 is consistent with what is known about the in vivo of 0.6 mM complex by the hanging drop vapor diffusion method at
regulation of DNA replication by p21. If the p66 subunit 20C. 1 l hPCNA-FEN1 peptide complex was mixed with 1 l well
or FEN1 were to make as strong an interaction with solution containing 2.35 M ammonium sulfate, 0.1 M Na acetate (pH
4.6), and 0.2 l 10% (v/v) dimethylsulfoxide. Bipyramidal crystalshPCNA as p21, which is not a DNA binding protein, p21
grew within 3–7 days. Both crystal forms were transferred to a cryo-could not efficiently halt DNA replication. The dozen or
protectant (2 M ammonium sulfate, 0.1 M Na acetate [pH 4.6], 30%so residues of the PIP-box motif and flanking regions
glycerol) and were flash frozen.can thus be adjusted or “tuned” to the affinity most
suitable to a particular hPCNA-protein interaction; this Data Collection and Processing
adjustment helps to explain how sliding clamps have All data were collected at the CHESS A1 beamline by using an ADSC
so many interaction partners in vivo. The costructures Quantum IV detector at 0.9764 A˚ (Table 1). Crystals were cryo-
of hPCNA and PIP-box motifs provide insight into how cooled at 100 K for data collection. Data from the hPCNA-FEN1
(331–350) complex were processed with DENZO and SCALEPACKhuman DNA replication and repair is regulated via a
(Otwinowski and Minor, 1997). Data from the hPCNA-p66 peptidesmall but highly adaptable peptide motif.
complex were processed with Crystal Clear and d*trek (Pflugrath,
1999).Experimental Procedures
Crystal TwinningMaterials
hPCNA and sliding clamps have a documented history of twinningcDNA encoding hPCNA (Accession NM_002592) was amplified by
PCR by using DNA primers (5-ATTGAGCTCATGATGTTCGAGG (Chapados et al., 2004; Gulbis et al., 1996). Although the hPCNA-
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p66 peptide complex showed no signs of twinning, the hPCNA- (1998). Generation of ligand binding sites in T4 lysozyme by defi-
ciency-creating substitutions. J. Mol. Biol. 277, 467–485.FEN1 (331–350) crystals showed symptoms of partial hemihedral
twinning. Intensity statistics derived from the Yeates twinning server Bermudez, V.P., MacNeill, S.A., Tappin, I., and Hurwitz, J. (2002).
(www.doe-mbi.ucla.edu/Services/Twinning/), the CNS partial twin- The influence of the Cdc27 subunit on the properties of the
ning test (Brunger et al., 1998), and the CCP4 Detwin (CCP4, 1994) Schizosaccharomyces pombeDNA polymerase delta. J. Biol. Chem.
program all confirmed the existence of partial hemihedral twinning. 277, 36853–36862.
Data could be scaled and merged in space group P6(3) with accept-
Bowman, G.D., O’Donnell, M., and Kuriyan, J. (2004). Structural anal-able statistics (Table 1) and could be scaled and merged in P6(3)22
ysis of a eukaryotic sliding DNA clamp-clamp loader complex. Na-with suboptimal statistics. We determined the true space group to
ture 429, 724–730.be P6(3), with the twin law to be 2 along a, b, a*, b*, which gives
rise to an apparent symmetry of P6(3)22. The twinning fraction () Brunger, A.T., Adams, P.D., Clore, G.M., DeLano, W.L., Gros, P.,
Grosse-Kunstleve, R.W., Jiang, J.-S., Kuszewski, J., Nilges, M.,was determined to be 0.36 by using both the Yeates twinning server
and the CCP4 Detwin program (CCP4, 1994). The reflections were Pannu, N.S., et al. (1998). Crystallography & NMR system: a new
software suite for macromolecular structure determination. Actascaled and merged in P6(3) and were subsequently detwinned by
using the CCP4 Detwin program (CCP4, 1994). The resulting de- Crystallogr. D Biol. Crystallogr. 54, 905–921.
twinned reflection file was used for molecular replacement and re- Bunting, K.A., Roe, S.M., and Pearl, L.H. (2003). Structural basis for
finement. recruitment of translesion DNA polymerase Pol IV/DinB to the beta-
clamp. EMBO J. 22, 5883–5892.
Structure Refinement
Chapados, B.R., Hosfield, D.J., Han, S., Qiu, J., Yelent, B., Shen,The hPCNA-p66 (452–466) structure was solved by molecular re-
B., and Tainer, J.A. (2004). Structural basis for FEN-1 substrateplacement in CNS by using the previously published hPCNA struc-
specificity and PCNA-mediated activation in DNA replication andture (PDB: 1AXC) (Gulbis et al., 1996). To avoid biasing our maps,
repair. Cell 116, 39–50.the p21 peptide of 1AXC was excluded. Refinement of the hPCNA-
Chen, J., Jackson, P.K., Kirschner, M.W., and Dutta, A. (1995). Sepa-p66 (452–460) structure was done in CNS and model building in O
rate domains of p21 involved in the inhibition of Cdk kinase and(Kleywegt and Jones, 1996). Significantly lower Rfree values were
PCNA. Nature 374, 386–388.obtained by increasing the rmsd targets in individual B factor refine-
ment, as noted by Kuriyan and Weis (Kuriyan and Weis, 1991) and Chen, J., Peters, R., Saha, P., Lee, P., Theodoras, A., Pagano, M.,
Tronrud (Tronrud, 1996), for moderate resolution structures. Wagner, G., and Dutta, A. (1996a). A 39 amino acid fragment of the
The hPCNA-FEN1 (331–350) structure was solved by molecular cell cycle regulator p21 is sufficient to bind PCNA and partially
replacement in CNS by using the detwinned reflection file. Although inhibit DNA replication in vivo. Nucleic Acids Res. 24, 1727–1733.
hPCNA is a trimer in solution, in spacegroup P6(3) it is a crystallo-
Chen, U., Chen, S., Saha, P., and Dutta, A. (1996b). p21Cip1/Waf1graphic monomer, with its symmetry mates coming together to give
disrupts the recruitment of human Fen1 by proliferating-cell nuclearthe proper 3-fold noncrystallographic symmetry. Our search model
antigen into the DNA replication complex. Proc. Natl. Acad. Sci.was therefore an hPCNA (PDB: 1AXC) without the p21 peptide or
USA 93, 11597–11602.water molecules. Difference Fourier maps gave strong and clear
CCP4 (Collaborative Computational Project, Number 4) (1994). Thedensity to build almost half of the FEN1 peptide. Several rounds of
CCP4 suite: programs for protein crystallography. Acta Crystallogr.manual rebuilding in O (Kleywegt and Jones, 1996), followed by
D Biol. Crystallogr. 50, 760–763.refinement in CNS (Brunger et al., 1998), were carried out, and the
peptide was built iteratively as the electron density maps improved. Coqueret, O. (2003). New roles for p21 and p27 cell-cycle inhibitor:
a function for each cell compartment. Trends Cell Biol. 13, 65–70.
Isothermal Titration Calorimetry
Ducoux, M., Urbach, S., Baldacci, G., Hubscher, U., Koundrioukoff,Affinity constants and thermodynamic parameters were determined
S., Christensen, J., and Hughes, P. (2001). Mediation of proliferatingby using isothermal titration calorimetry (MicroCal). hPCNA was
cell nuclear antigen (PCNA)-dependent DNA replication through athermostated at 30C in the cell, peptides were injected stepwise,
conserved p21(Cip1)-like PCNA-binding motif present in the thirdand respective heat changes were measured. Data were analyzed
subunit of human DNA polymerase delta. J. Biol. Chem. 276, 49258–and fit by using Origin 7 software (MicroCal). PCNA was used at a
49266.concentration of 10 M for the p66a, p66b, and p21 studies but
Eissenberg, J.C., Ayyagari, R., Gomes, X.V., and Burgers, P.M.was used at 17 M for the FEN1 studies. p66a and p66b peptides
(1997). Mutations in yeast proliferating cell nuclear antigen definewere used at 200 M, while the p21 and FEN1 peptides were used
distinct sites for interaction with DNA polymerase delta and DNAat 400 M.
polymerase epsilon. Mol. Cell. Biol. 17, 6367–6378.
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